We have constructed an adaptive optics system incorporating a holographic wavefront sensor with the autonomous closed-loop control of a MEMS deformable mirror (DM). HALOS incorporates a multiplexed holographic recording of the response functions of each actuator in a deformable mirror. On reconstruction with an arbitrary input beam, pairs of focal spots are produced. By measuring the relative intensities of these spots a full measurement of the absolute phase can be constructed. Using fast photodiodes, direct feedback correction can be applied to the actuators.
INTRODUCTION
The standard method for using adaptive optics to correct for aberrations in input wavefronts consists of first detecting and characterizing the wavefront errors, then applying a correction using a phase corrective device. Typically the bottleneck in the process occurs in the sensing process as the conventional methods require a large amount of complex computations to be performed. For example, in a Shack-Hartmann wavefront sensor (SHWFS), the incoming wavefront is deconstructed into a number of focused subapertures using a lenslet array. The focal spots are then analyzed to determine their positions relative to some calibrated ideal using a plane wavefront. The shifts can be converted into local tip/tilt over each subaperture which are then combined to build up a complete wavefront phase. The determination of where the true spot centroid is, how shifted it is from the ideal location, and reconciling all the spots to give a contiguous phase map requires a great deal of processing power and time. While much of this can be reduced into a number of discretized mathematical procedures which in turn can be parsed out to dedicated hardware (such as custom made chipsets) to speed up the process, the size, complexity and cost of the system is significant.
Here we present an alternative approach; a holographic adaptive laser optics system (HALOS) which incorporates a multiplexed hologram that in effect acts as an all-parallel, massively parallel wavefront sensor. The hologram converts local phase information into intensity information in the form of multiple focused beams. By analyzing the relative brightness of a particular pair of focal spots we can obtain a measure of the wavefront phase over a particular location. Beyond this simple ratio measurement there are no complex calculations, and since photodetectors are used rather than CCDs in conventional sensors, the sensing and characterization is extremely fast. HALOS can be configured to determine phase in terms of the modes of the phase correction device, allowing for computer-free feedback control to further increase speeds to hundreds of kilohertz. Most importantly though, the detection and closed-loop correction is all-parallel, so the speed of the system is just as high for one million actuators as it is for one.
HOLOGRAPHIC WAVEFRONT SENSOR
The operation of the holographic wavefront sensor is best understood in terms of a particular phase correction device for which it is designed to operate in closed-loop correction. In this case we will consider a conventional actuator-driven deformable mirror with a continuous facesheet. The process begins with a plane wave reflected off the deformable mirror which has a single actuator driven to its maximum extent in one direction so that the minimum phase delay is imparted on the wavefront at that location. A hologram is then recorded between this object beam and a diffraction limited reference beam focused to some distant point A (Figure 1a ). On reconstruction, if the same object beam conditions are met, the original reference beam will be reconstructed to form a beam focusing to the same point A (Figure 1b) . We now create a second hologram multiplexed with the first. Multiplexing of holograms is a straightforward procedure that retains the information of both gratings in a single medium. In this case, the second hologram is written using a reference beam focused to a different spatial location B. Meanwhile, the object beam is generated with the maximum phase delay possible from the same actuator in the deformable mirror ( Figure 2 ). On reconstruction this hologram would take the maximum phase delay wavefront and reconstruct a focused beam to point B in the same manner as the previous hologram demonstrated. We now set the actuator of the DM to some arbitrary stroke thus generating an arbitrary phase delay at that particular location on the wavefront. When this beam is made to illuminate the multiplexed hologram there will be two wavefronts reconstructed, one focused to each of the points A and B. The reason for this is that the phase matching condition in this case is not a perfect match for either grating so both gratings reconstruct a beam at a low efficiency (Figure 3 ). We can use imperfect phase-matching to our advantage as the relative intensities of the foci provides us with a precise measure of the actual phase error present in the object beam. If the phase is more towards the minimum phase error, then the focal spot A will be bright as that phase condition is better matched, while a more maximized phase delay will result in spot B being brighter. Thus, with a one-off calibration we can thus determine the absolute phase information from a measurement of the relative intensity of the spots. Furthermore, we can simply record a pair of multiplexed holograms for each actuator position on the deformable mirror in the same manner to obtain a full description of the wavefront 
